This work is made available online in accordance with publisher policies. To see the final version of this work please visit the publisher's website. Access to the published online version may require a subscription. This paper describes for the first time the use of alginate hydrogels as miniaturised microvalves in microfluidic devices. These biocompatible and biodegradable microvalves are in situ generated, on demand, allowing for microfluidic flow control.
INTRODUCTION
Lab on a Chip (LOC) it is a multidisciplinary area of science that covers chemistry, physics, engineering and biotechnology, claiming the miniaturisation of devices for fluidic handling and detection. The driving force behind miniaturisation is to enhance performance gained by down-scaling analytical systems, and to integrate multiple components into a single device. 1 LOC devices offer many advantages compared to other traditional analytical platforms; for instance, the reduced dimensions of microfluidic components allow for the manipulation of small volumes of fluids which lead to less reagent consumption, reduced costs and less waste generation. Temperature can be controlled and changed quickly due to the low thermal mass and large surface to volume ratio of microfluidics, which facilitates heat transfer. Moreover, the ability to couple multiple channels together, allows for easy handling of high throughput multicomponent devices and leads to decreased analysis times. 2 Their reduced dimensions allow for the creation of portable devices for in situ testing and the potential integration of multiple components for sampling, fluid handling, detection and reporting of the results in a single run as per the Micro Total Analysis System concept.
The current state-of-the-art for microfluidic devices is based on flow systems that employ traditional pumping, valving and mixing components. These systems are generally expensive, difficult to integrate in a microfluidic device and, most of the times, can only be controlled from external sources, as for example solenoid valves 3, 4 Nevertheless, recent research focus has been upon improving these microfluidic components, and the resulting novel valve concepts such as "Quake" PDMS microvalves, 5 "Doormat" valves 6 and check valves 7 among others, are now emerging. These valves have been proven to be effective and more cost effective than conventional valves but still need to be designed within the microfluidic device. The ability for ondemand in situ generation, and subsequent removal after use, of valves has not been reported yet and as such a goal is to develop novel flow systems that are cheaper and easier to fabricate based upon types of microvalves.
A very interesting concept for microvalve integration in microfluidic devices is the use of smart materials for fluid handling and control. 8 In particular, hydrogels are networks of polymer chains that are highly water absorbent and that posses a substantial degree of flexibility. The ability of hydrogels to absorb water arises from hydrophilic functional groups attached to the polymeric backbone, while their resistance to be dissolved comes from the addition of crosslinkers between the polymer chains of the hydrogel. 9 Due to their dynamic nature, they can be identified as stimuli-responsive materials able to undergo volumetric changes in response to physical and chemical changes in their local environment. 10 In particular, calcium alginate is a water-insoluble hydrogel formed from linear copolymers of anionic polysaccharide (water soluble) and calcium cations that can chelate carboxylate groups and produce crosslinkages between polysaccharide chains.
The gelling properties of alginate depend strongly upon its monomeric composition, block structure, molecular size and concentration of polymer and calcium ions. 11 This polymer is one of the most used biomaterial in science due to its biocompatibility and biodegradability. 12 Alginates are extremely versatile biopolymers since they have been used in a variety of technical applications as biomedical 13 and pharmaceuticalthe food industry because it is a powerful thickening, stabilising, and gel-forming agent.
Incomprehensibly, in microfluidic applications, alginates are rarely used, primordially for reagent storage in chips and for the fabrication of microcapsules in drug delivery systems. 15 Recent advances in microtechnology for biomedical applications, resulting in products appearing on the market, 16 have increased the necessity to integrate stimuli responsive materials with biocompatible capabilities within microfluidic devices making gels obtained from natural polymers are good candidates. 17 In particular the use of smart materials as actuators, with innocuous chemical characteristics, will create opportunities for the next generation of novel microfluidic devices for biological applications.
This study demonstrates, for the first time, the use of calcium alginate hydrogels as miniaturised valves in microfluidic devices, as innovative alternatives to conventional hydrogel microvalves. These biocompatible and biodegradable microvalves can be generated on demand and in situ to introduce microfluidic flow control. Since calcium alginate is dehydratated at room temperature (syneresis process), it can be thermally actuated at mild temperatures, slightly unblocking the channel and, in turn, restoring the flow rate, allowing to chemically erase the microvalve from the main channel simply using an ethylenediaminetetraacetic acid disodium salt dehydrated (EDTA) solution, and so ensuring the reusability of the whole device.
EXPERIMENTAL

Materials
Sodium alginate was purchased by Sigma-Aldrich (St Louis, MO, USA). Calcium chloride dehydratated (Sigma-Aldrich) was used to prepare calcium alginate hydrogel.
Ethylenediaminetetraacetic acid disodium salt (EDTA) was purchased by Merck (Darmstadt, Germany) and was used for chemically erase the calcium alginate hydrogel.
All the solutions were prepared using deonised (DI) water from a Milli-Q water purification system (Millipore, Milford, MA). 
Chip Fabrication
Microfluidic devices were designed and fabricated by the Origami technique 18 by rapid prototyping using the FC-8000-60 cutting plotter from Graphtec (Irvine, CA). The 3D design was sliced into several 2D layers, which were cut with the cutting plotter, assembled and then bonded by thermocompression. 
Hydrogel preparation
For the hydrogel preparation, water solutions of 4 % of calcium chloride and 1 % of sodium alginate were prepared. 20 When the sodium alginate is added to a calcium chloride solution, the calcium ions replace the sodium ions in the polymer and form the gel. The "egg-box model" for the formation of alginate polymers in the presence of alkaline metals was first described by Rees et al., 21 see Figure 1 .The model describes that divalent cations, such as Ca 2+ , are coordinated with in the cavities of alginate chains. 22 A second alginate strand can also connect at the calcium ion, forming a link in which the calcium ion attaches two alginate strands together. The result is a chain of calcium crosslinked alginate strands that form a solid polymer. In order to perform this reaction within the microfluidic device and generate a functional microvalve, in a controlled manner, calcium alginate beads were first synthesised on bench. For this, a syringe was filled with the sodium alginate solution and few drops of the liquid (500 µL) were added to a calcium chloride solution bath, allowing polymerisation. The reaction was then stopped by putting the beads into a water bath.
RESULTS AND DISCUSSION
Chip Fabrication
In order to first prove the concept of valve generation, the first generation prototype microfluidic device (Prototype 1) was designed with a simple T-shape configuration containing seven 100 µm thick COP layers, with a main channel stream of 1 mm width and a perpendicular channel of 500 µm for microvalve generation. A more sophisticated second generation microfluidic design (prototype 2) was later fabricated in order to independently control the injection of the CaCl 2 , EDTA and alginate solutions into the main channel stream. This second generation was fabricated including an additional set of layers of COP, where the EDTA microchannel is placed with a V-shape (1 mm width, 200 µm height) above the generated microvalve in order to independently control the gel microvalve removal. COP was used in order to guarantee the biocompatibility of the whole device Figure 2 (A) shows an unfolded Origami prototype 1 sliced in seven layers of COP and (C) prototype 2 sliced in nine layers of COP. The microfluidic devices contain the inlets/outlet, the main channel and the perpendicular channel in prototype 1 and an additional V-shape channel in prototype 2. Figure 2 (B and D) presents the prototype 1 and prototype 2 respectively, after thermocompression with the stereolithography interconnections coupled with screws. This type of interconnector guarantees no leakage during the experiment up to 1 bar of pressure and has the possibility of being connected directly to syringe or to commercially available fittings coupled to a tubing and then to the syringe.
Figure 2: Prototype 1 schematic design of the microfluidic device (A), unfolded origami sheets (B) and completed device following thermocompression of the origami layers with inlets/oultets (C). Prototype 2 schematic design of the microfluidic device including additional V-shaped EDTA channel (D), unfolded origami sheets (E) and completed device after thermocompression of the origami layers with inlets/oultets (F).
Hydrogel characterisation
Two approaches were followed to characterise the optimised conditions for calcium alginate microvalve generation and removal in the microfluidic device. Firstly, the percent weight/volume (% w/v) for each sodium alginate/water and calcium chloride solutions was optimised on bench. Secondly, the flow rate of each solution into their corresponding channels was investigated.
For the characterisation of the optimum % w/v per solution, several proportions of sodium alginate were tested. 0.6%, 1%, 2% and 4% w/v of sodium alginate solution were tested in order to select the most adequate solution to be employed in the microfluidic device. It was found that 1 % w/v sodium alginate ensures rapid, homogeneous polymerisation and low viscosity to facilitate the flow of alginate solution into the microfluidic device. The CaCl 2 concentration was optimised by selecting the concentration of CaCl 2 which shows the best performance with respect to the structural resistance of the formed calcium alginate polymer (ɳ). This result was obtained for 4 % w/v calcium chloride solution, obtaining the same results as the work previously described by Blandino et al. 11 Using this percentage, the structural resistance (robustness) of calcium alginate polymers is uniform. It was observed that ɳ tends to decrease when more concentrated solutions were used. This reduction in n value is known to be due to the increase in diffusional resistance that Ca 2+ ions suffer in their flux through a thicker membrane (n, decreases with increasing diffusional resistance) and similar behaviour was reported by Yamagiwa et al. 15 In order to chemically erase the microvalve an aqueous solution of 0.5 M water EDTA was found to successfully dissolve the polymer.
Alginate microvalve in situ generation
The prototype 1 device was connected to the pressure driven flow controller that controls the pressure and flow of calcium chloride solution independently from sodium alginate solution into the microfluidic device. As highlighted in the experimental section the microvalves were in situ fabricated using 1 % w/v sodium alginate and 4 % w/v CaCl 2 solution.
For the fabrication of the microvalve, the CaCl 2 solution was flowed (Figure 3-1) through the main microchannel using the pressure driven flow controlled at 60 µL min polymerised particles with broad size distributions are formed at first due to differences in the diffusion rate of calcium throughout the alginate. 23 The amount of sodium alginate solution and the shape of the generated microvalve in the microfluidic device are controlled by the speed of the alginate plug. It should be noted here that it is quite difficult to control the shape of the microvalve since the hydropobicity of the COP microchannel is not enough to prevent the alginate solution expanding throughout the main microchannel, see the shape of the microvalve in Figure 3-3 . Nevertheless, the generated alginate plug is sufficient to ensure a physical barrier to close the main microchannel and act as a microvalve. A well defined microvalve could be generated by mechanically controlling the sodium alginate solution plug. 
Removal of the alginate microvalve
The stability of calcium alginate hydrogel depends on the stability of calcium complexes within the hydrogel. 26 Thus, chelating agents that strongly bind calcium such as sodium citrate and EDTA quickly solubilise the polymer. Figure 6 presents the flow profile in the main microchannel when a microvalve was generated and subsequently erased with EDTA. A CaCl 2 solution was inserted into the prototype 2 at 500 nL min -1 meanwhile the alginate was inserted as a fast pulse perpendicularly. At the T-junction polymerisation of the microvalve takes place, blocking the channel and producing a decrease in the flow to virtually 0 µL min -1
( Figure 6 , picture 1). Following this, the addition of the EDTA chelate complex (500 nL min -1 ), coming from the channel set on top of the main channel (V-shape) removes the calcium ions from the alginate polymer and erases the microvalve from the main microchannel increasing then the flow rate ( Figure 7 , picture 2). It is important to note here that for this microfluidic configuration (prototype 2) it is not necessary to heat the microvalve, since the EDTA channel sits on top of the main channel. Both channels are connected through a small orifice that gets blocked when microvalve forms. It was found out that 60 ± 5 µL (n = 3) of EDTA solution it is sufficient to completely erase the calcium alginate microvalve from the channel thus restoring the main microfluidic microchannel for subsequent operations. The time needed to remove the valve was approx. 120 s (depending on the size of the generated microvalve). The result is a fast process that is comparable to the actuation mechanism observed by others when using conventional hydrogel microvalves in microfluidic devices (e.g. photoswitchables (60 s) 27 or thermoresponsive (120 s) 18 to open).
In the near future, a way of controlling the dimensions of the calcium alginate microvalves will be investigated. It is believed that this preliminary investigation opens up the use of calcium alginate materials as microvalves for many applications, such as POC devices that require biocompatible and biodegradable components.
CONCLUSIONS
This contribution demonstrates the potential for alginate polymers to be used as building block materials for the fabrication of in situ microvalves within microfluidic devices with an ON/OFF actuation capability. Alginate has proven to efficiently act as actionable microvalve at mild temperatures allowing for flow control due to its syneresis effect. Moreover, by carefully adjusting the microfluidic channel configuration alginate microvalves can be easily erased with EDTA solution, ensuring the reusability of the whole device.
Alginate is biodegradable, therefore is an attractive material for microfluidic applications related to the health and food industry. Moreover these calcium alginate microvalves are low cost to produce in terms of materials, and the in situ fabrication opens the possibility of creating large arrays of microvalves in complex microfluidic structures. 
